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Abstract: 
Two-dimensional (2D) layered materials are very important and versatile platform for exploring 
novel electronic properties in different phases. The chemical doping in two-dimensional (2D) 
layered materials can engineer the electronic structure with useful physical properties which are 
distinct in comparison with the pristine one. Herein, we employed angle-resolved photoemission 
spectroscopy (ARPES) combined with first-principles density functional theory (DFT) 
calculations, to show the possible phase engineering of ZrSe2 via Hafnium (Hf) atoms substitution, 
which manifests a semiconducting-to-metallic transition. The emergence of conduction band at 
high symmetry M point around the Brillouin zone boundary due to extra charge doping, clearly 
demonstrates the conceivable evidence of semiconductor to metal transition in ZrSe2, through Hf 
substitution (about 12.5%) at room temperature. Similarly, the electrical resistance measurements 
further revealed the decrease of resistance with increasing temperature for ZrSe2 that confirms the 
semiconducting behavior, while the resistance increases with increasing temperature for 
Zr1−xHfxSe2 that in indication of the metallic behaviour. This study further demonstrates the 
possibility of the band gap engineering through heavily doped metal in 2D materials thereby 
modulating the electronic properties of layered materials for next-generation electronic 
applications. 
1. Introduction 
The transition metal dichalcogenides (TMDs) have unique and distinct electronic characteristics 
in different forms of mixed structures. Specifically, the fundamental band gap property which can 
tuned the electronic and optical properties [1]. The electronic properties can effectively 
differentiate the two phases of TMDs with diverse electronic structures, consists of semiconductor 
2H phase and Metallic is 1T phase [2-4]. These phases are easily converted to each other via atomic 
intercalation, substitution of atoms or atomic plane gliding [2, 5-9]. Both 2H (semiconducting) and 
1T (metallic or semiconducting) phases are also simultaneously exist in two-dimensional (2D) 
TMDs [10].  
The conventional phase transitions depend on different growth conditions, such as 
temperature and pressure [11]. In 2D TMDs, transition metal is sandwiched between two 
chalcogen atomic in a layer, which can deliver extra degrees of freedom in transformation of 
structure [12]. On the other hand, other monolayer materials like graphene have no such strong 
correlation of electrons and structural polymorphism. Similarly, the lattice symmetry and 
correlations of electronics properties in a 2D geometries play vital role in various structural 
electronic and quantum phase transitions that depends on different thickness [11]. The structural 
electronic phase transition plays remarkably crucial role in different physical properties [13-15].  
 All types of TMDs are perceived as ideal materials in different electronics applications. 
TMDs have good p-n junction device applications [16], high mobility field-effect transistors [17-
19], switching and memory chips [20] and optoelectronics applications [21]. The 2D layered 
TMDs materials can also be found in several hybrid forms [22, 23] with different electronic 
structures. Several methods are adopted to carry out phase transitions such as joint atomic 
dislocations, substitution or intercalation [24-26]. Mostly, these atomic phase engineering results 
a tremendous physical and electronic phenomenon [27-31]. Atomic substitution or intercalation 
has been an effective method to modify the intrinsic electronic properties, by changing their band 
gap characteristics [32-34], which can induce different transitions [35, 36]. In particular, recently 
the heavily doping of W atom into MoTe2, MoSe2 and MoS2 lattice has been extensively used to 
specifically induce the transition from semiconducting to metallic phases [27, 37-39]. These 
materials have remarkable physical properties like spin-orbit interaction, excitation resonance, 
spin valley, catalytic properties and stable ambient behaviour etc. Recently, Yongji et al. studied 
the semiconductor to metallic phase transition in SnS2 through Co-intercalation by altering its 
electronic structure [40].   
Among these various TMDs, zirconium based 2D materials and its alloys with different 
transition metal have not yet been studied. Herein, we synthesized single crystals of Zr1−xHfxSe2 
(x = 0.12; detected from ICP) alloy for the first time via chemical vapor transport technique (CVT), 
and characterize their composition and structure with different techniques including scanning 
transmission electron microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, Raman 
spectroscopy and X-ray absorption fine structure (XAFS). Furthermore, we studied its electronic 
properties in comparison with pristine ZrSe2 through synchrotron-based Angle Resolved 
Photoemission Spectroscopy (ARPES) combined with first-principles density functional theory 
(DFT) calculations. With substitution of hafnium (Hf) atoms the bottom of the conduction band 
cross the Fermi level to change the structure from semiconducting to metallic, while the overall 
structure is well preserved.  
2. Results and discussion  
Fig. 1(a), displays the camera images of CVT furnace, CVT process and high-quality single 
crystals in quartz tubes.  X-ray diffraction (XRD) patterns were recorded on the as-grown 
crystalline ZrSe2 and Zr1-xHfxSe2 to identify the phase and unit cell dimensions as shown in Fig.1 
(b). The XRD peaks along (001), (002), (003) and (004) clearly demonstrate the high-quality single 
crystals of both samples. The patterns revealed that all the planes are well matched with standard 
diffraction pattern of (JCPDS 65-3376) of ZrSe2. In comparison with ZrSe2, the diffraction peaks 
of Zr1-xHfxSe2 are slightly shifted to higher diffraction angles except (001) plane, while a new (-
103) peak appeared in Zr1-xHfxSe2 belonging to HfSe. A slight shift of diffraction peaks to higher 
angle is caused by the substitution of Hf atoms with smaller ionic radii of Hf (Hf4+) in comparison 
with Zr (Zr4+) [41]. Similarly, the measured lattice constants of both crystals are in hexagonal 
symmetry with a=3.798 Å and c=6.192 Å for ZrSe2, while for Zr1-xHfxSe2 a=3.7503, b=3.7525 Å 
and c=6.160 Å. The lattices dimensions are decreased after Hf substitution due to larger atomic 
number Z. Similarly, the peak intensities of Zr1-xHfxSe2 are increased due to high crystallinity and 
different growth conditions of both samples. The inset high-quality single crystals of both samples 
with a typical size of ~0.8-1cm having sliver grey color.  
 Figure 1. (a) Camera images of CVT furnace and reaction process along with gown crystals in a 
quartz tube (b) X-ray diffraction of ZrSe2 and Zr1-xHfxSe2, having inset single crystals images.  
The X-ray photoelectron spectroscopy (XPS) was performed to detect the chemical 
composition and chemical states of as-synthesized single crystals of ZrSe2 and Zr1-xHfxSe2. Fig. 
2(a-c) shows the typical XPS spectra of Zr 3d, Se 3d and Hf 4f respectively. For ZrSe2 the Zr-3d5/2 
and Zr-3d3/2 peaks are detected at 180.82 eV and 183.19 eV respectively, while Se-3d5/2 and Se-
3d3/2 detected at 53.5 eV and 54.2 eV. Compared to ZrSe2, the position of binding energy of Zr-
3d5/2, Zr-3d3/2 are slightly shifted to higher energy with a new peak position as 180.91 and 183.33 
eV respectively in case of Zr1-xHfxSe2.  Similarly, Se-3d3/2 peak also marginally shifted to lower 
energy in case of Hf-doped ZrSe2 as shown in Fig. 2(b). The displacement of Zr and Se peaks to 
higher energy shows that hafnium (Hf) atoms can loss more electrons in case of ternary Zr1-
xHfxSe2. Besides Fig. 2(c) shows the Hf-4f7/2 and Hf-4f5/2 peaks located at 16.6 eV and 18.2 eV. 
From the positions of binding energy of XPS, Hf+ state is identified instead of Hfo, that shows the 
formal Hf4+ oxidation state [42] as compare to pure metal, clearly demonstrate the Hf atoms 
substitution. From the XPS analysis it is revealed that Hf4+ can loss extra electrons after substituted 
on Zr site, which can shift to higher binding energy. Furthermore, the Zr atoms gained electrons, 
and extra charge are doped in system.  
 Figure 2. XPS investigation of single crystals ZrSe2 and Zr1-xHfxSe2. (a) Zirconium (Zr 3d). (b) 
Selenium, (Se 3d). (c) Hafnium (Hf 4f). 
 The Raman spectra was used to check the in-plane structural background of ZrSe2, which 
are well retained in association with Zr1-xHfxSe2 (Fig. S1 in supporting information). Fig. S1, 
shows the Raman spectra of the ZrSe2 and Zr1-xHfxSe2 single crystals. Raman spectra of ZrSe2 
displays two prominent peaks consistent with the Eg and A1g modes. The minor energy shift (1.9 
cm-1) of in-plane vibration mode Eg of Zr1-xHfxSe2 single crystal to the lower energy shows the 
release of energy. Similarly, the out-of-plane vibration A1g mode have a slight high energy shift 
(2.8 cm-1), demonstrating the local shortening of Zr-Se covalent bonds due to Hf substitutions, 
that is further confirmed from X-ray absorption fine structure (XAFS) measurement. 
 Fig. 3, revealed the XAFS results of both ZrSe2 and Zr1-xHfxSe2. Fig. 3(a) shows the Zr K-
edge X-ray absorption near-edge structure (XANES) spectra of the pure and Zr1-xHfxSe2 single 
crystals confirming the slight effect on the valence states of the elements for Zr1-xHfxSe2. The 
minor shift of energy indicates that lattice framework is slightly altered with Hf substitution, while 
the overall structure is well preserved. It is seen that the spectra are slightly shifted to higher 
energy, which can show that Hf loss more electrons, while electrons are emerged on Zr site. 
Therefore, it has investigated that the valence states of the elements are slightly affected. The 
corresponding Fourier transform (FT) spectra reveals the spectral shape as shown in Fig. 3(b), 
revealing the atomic structure of both ZrSe2 and Zr1-xHfxSe2. The FT curve of the pure ZrSe2 
displays two peaks at ~2.31 and 3.45 Å, which can be assigned to Zr-Se and Zr-Zr correlations, 
respectively. For Zr1-xHfxSe2 the intensities of these two peaks are marginally decreased, 
accompanied by the slight shift in the position of the Zr-Se and Zr-Zr peak towards the lower R-
space side. The minor shift shows the decrease of metal-metal bond length from 3.79 to ~3.43 Å 
 Figure 3. XAFS analysis of as-grown ZrSe2 and Zr1-xHfxSe2 single crystals (a, b) Zr K-edge 
XANES spectra of ZrSe2 and Zr1-xHfxSe2 single crystals and it’s corresponding Fourier transforms 
FT(k3χ(k)) curves. (c) Hf L3-edge Zr1-xHfxSe2 as compare with pure HfSe2 and (d) is the equivalent 
FT (k3χ(k)) spectra. (e) Structural models showing bond length of pure ZrSe2 and Zr1-xHfxSe2. 
thereby strongly demonstrating that Hf replaced the Zr Site. The Zr-Se bond length also decreased 
after Hf substitutions. Similarly, Fig. 3(c) shows the Hf L3-edge XANES spectra of Zr1-xHfxSe2 in 
comparison with absorption Hf L3-edge of HfSe2 which are quite similar with a slight shift to 
higher energy. Fig. 3(c), revealed that Hf is bonded with Se very well. The slight decrease in 
intensity of the Hf L3-edge shows the different alternation of dissimilar atoms in the Zr1-xHfxSe2 
sample.  Similarly, Fig. 3(d), shows the FT curve of Zr1-xHfxSe2 in association with HfSe2, with 
smaller shift of Hf metal-metal bond length from 3.79 to ~3.43 Å, a minor difference in the 
structure has been caused. The lower intensity of HfSe2 peak is due to oxide peak in the pure 
sample.  The XAFS results are well accordance with XRD data. The XAFS spectra were further 
analyzed for quantitative structural results using least-squares fittings of the Zr and Hf K-edge data 
and summarized in (supplementary table 1). Fig. 3(e) shows the structure model on the basis of 
structural parameters obtained from XAFS data, which illustrates the different bond lengths and 
bond angles of the Zr-Se, Zr-Zr, Zr-Hf, Hf-Se, Zr-Se-Zr, Zr-Se-Hf and Hf-Se-Hf etc. with different 
coordinations. In comparison with pure ZrSe2, the Zr-Se and Zr-Zr bond length in the Zr1-xHfxSe2 
was relatively shortened, thus impairing of the Hf make a covalent bond in the Zr site. 
 
Figure 4. Microstructure characterizations using STEM Z-contrast images and elemental mapping 
of Zr1-xHfxSe2 single crystal. (a-d) A conventional TEM image of the Zr1-xHfxSe2 with 
corresponding elemental mapping (Zr, Hf and Se, respectively) (e, f) the Z-contrast atomic 
resolutions images of ZrSe2 having hexagonal arrangement of atoms and Inset: electron diffraction 
patterns. (g, h) Typical Z-contrast atomic images Zr1-xHfxSe2, inset: SAED patterns and high 
intensities atoms marked by red circles corresponds to Hf atoms. (i) Chemical structure of bulk 
and side view of layered structure of Zr1-xHfxSe2. 
The scanning transmission electron microscopy (STEM) was used to analyze the atomic 
microstructure of ZrSe2 and Zr1-xHfxSe2. Fig. 4(a) shows the morphology of as-prepared sample of 
Zr1-xHfxSe2 for transmission electron microscopy (TEM) test. Fig. 4(b-d), displays the existence of 
Zr, Hf and Se atoms respectively, which confirm the homogenous distribution of all the elements 
in the as-grown sample. The energy-dispersive X-ray spectroscopy (EDS) was performed on the 
sample in Fig. 4(a), to further estimate the appropriate amount of each elements in the single crystal 
(supplementary Fig. S2). The atomic-resolution Z-contrast STEM images revealed the atomic 
arrangement of the ZrSe2 and Zr1-xHfxSe2 as a 2D flakes. Fig. 4 (e, f) shows the as-recorded STEM 
images of ZrSe2. Fig. 4(e), indicates the atomic microstructure image of ZrSe2 with lattice atomic 
distance of Zr-Zr is about 3.63 Å closely matched with XRD and XAFS data. The inset Fig. 4(a) 
reveal a selected-area electron diffraction (SAED) patterns containing the diffraction superlattice 
spots along the rotational direction in the hexagonal axis. Similarly, Fig. 4(f) shows the Z-contrast 
atomic image of ZrSe2 with high intensity Zr atoms clearly surrounded by six Se atoms in 
hexagonal arrangement. Moreover, Fig. 3(g) shows a uniform microstructure of Zr1-xHfxSe2 having 
atomic lattice spacing of ~3.35 Å, and inset SAED patterns of regular diffraction spots. Fig. 4(h) 
exhibit Z-contrast atomic microstructure image with high intensity atoms marked by red circle 
showing the Hf atoms. The Zr and Hf atoms are bonded with six Se atoms in hexagonal array 
marked in red color. Fig. 4(i) demonstrate the chemical configuration of bulk and layer structure 
of Zr1-xHfxSe2 arranged in hexagonal shape. The side view image shows that Zr/Hf layer is 
sandwiched between the Se layers. Furthermore, the layer spacing is confirmed from high 
resolution transmission electron microscopy (HTEM) images (supplementary Fig. S3) along the 
c-direction are well matched with XRD results.  
 Figure 5. Electrical transport properties of ZrSe2 and Zr1-xHfxSe2 i.e. temperature dependent 
resistance (R- T) curves inset: Optical image of a typical device on insulator.  
The electrical conductivity of ZrSe2 and Zr1-xHfxSe2 is measured through resistance vs 
temperature (R-T) curves as shown in Fig. 5. The inset optical image illustrates the electrical 
device for conductivity test on ZrSe2 and Zr1-xHfxSe2 single crystals. Fig. 5 exhibit the resistance-
temperature (R-T) curves for ZrSe2 and Zr1-xHfxSe2 single crystals. The electrical resistance of 
ZrSe2 increased with decreasing temperature revealed a typical semiconducting behaviour, while 
the electrical resistance of Zr1-xHfxSe2 is increased with increasing temperature showing metallic 
character. Specifically, the room temperature resistance of Zr1-xHfxSe2 is lower than one-and-a-
half orders of magnitude than that of ZrSe2, suggesting that the bandgap of Zr1-xHfxSe2 is 
decreased. 
Furthermore, we investigated the electronic band structures of both samples through angle-
resolved photoemission spectroscopy (ARPES). Particularly, we know that the nature of the 
semiconducting phase in ZrSe2 is well understood, while it was not clear whether the Hf-doped 
ZrSe2 ternary alloy is still a semiconducting phase or not. Therefore, the electronic structure of 
heavily doped Zr1-xHfxSe2 single crystals were investigated through ARPES in comparison with 
pure ZrSe2 combined with DFT calculations, as shown in Fig. 6 and 7.  
Fig. 6(a1-a5，b1-b5) shows various constant energy contours of ZrSe2 and Zr1-xHfxSe2 
measured within the first Brillouin zone. There is no electron pocket occupied state around the 
Fermi surface in ZrSe2 (see Fig. 6(a1)), while apparent electron pockets appeared at the bottom of 
the conduction bands around M at Fermi level in Zr1-xHfxSe2 (see Fig. 6(b1)). The spectral weight 
of the electron pockets is broadening at the bottom of the conduction band.  This indicates extra 
conduction electron pockets are appeared in the parents system, which appeared around M after 
Hf substitution. Similar contours can be observed in both ZrSe2 (Fig. 6(a2-a5) and Zr1-xHfxSe2 (Fig. 
6(b2-b5), while setting about 0.18 eV energy difference between the constant energy contours of 
ZrSe2 and Zr1-xHfxSe2 indicates a lattice structure symmetry of Zr1-xHfxSe2 consistent with pristine 
ZrSe2, with a little shifting of pocket size due to doping of Hf atoms. This suggests that band 
structures move by 0.18 eV to a deeper binding energy through Hf substitution. Fig. 6(c1-c5) 
illustrate the band dispersion of Zr1-xHfxSe2 at different photon energies measured along ΓM 
direction. While, at different photon energy, the photoemission intensity around valence band 
maximum (VBM) does not show any clear change, indicating that these bands around VBM have 
no noticeable kz dependence thereby preserving the overall system. While, the CBM can cross the 
Fermi level with Hf substitutions. 
 
Figure 6. Constant energy contours of the pristine ZrSe2 (a1-a5) and Zr1-xHfxSe2 (b1-b5) at various 
binding energies. ARPES spectra of ZrSe2 and Zr1-xHfxSe2 were recorded with 30 eV and 33 eV 
photons, respectively. The black hexagonal boxes indicate the Brillouin zone. (c1-c5) Photon 
energy dependence of the photoemission intensity measured along ΓM direction. 
 Fig. 7(a & b), shows the top view atomic structure model of ZrSe2 and Zr1-xHfxSe2, while 
Fig. 7(c) indicate the side view structure model of Zr1-xHfxSe2 considered for DFT calculations. 
The electronic band structure of ZrSe2 and Zr1-xHfxSe2 measured through ARPES along ΓM 
direction over a large energy range are presented in Fig. 7(d) & (e). By comparing the band 
structure of ZrSe2 with Zr1-xHfxSe2, it can be observed that the top of valence band of pristine and 
Zr1-xHfxSe2 are located at about -0.87 eV and -1.03 eV below the Fermi level, respectively. After  
 
Figure 7. Top view of atomic structure of (a) ZrSe2, the dashed hexagon indicates the in-plane 
unit cell and (b) Zr1-xHfxSe2, side view of (c) Zr1-xHfxSe2. ARPES spectra of (d) pristine ZrSe2 and 
(e) Zr1-xHfxSe2 single crystals along ΓM direction, measured 30 eV and 33 eV photons energy for 
ZrSe2 and Zr1-xHfxSe2, respectively. The DFT calculated band structure of (f) ZrSe2 and Zr1-
xHfxSe2 along the high symmetry k-points using unfold method, (g) charge density of Zr1-xHfxSe2 
with x = 12.5%. (h) The hexagonal Brillouin zone of high symmetry K-points, (i) Fermi surface of 
Zr1-xHfxSe2, with high symmetry direction are indicated by the yellow dashed lines. (j) Spectral 
weight of the conduction bands around M point in shown in panel (e). The yellow dashed line 
indicates band dispersion adopted from DFT band structure of Zr1-xHfxSe2. 
Hf substitution, the valence band moves approximately by 0.18 eV to a deeper binding energy 
without any evident changes in the band dispersion. Meanwhile, the Fermi level leaves down the 
bottom of the conduction band around the zone boundary, due to extra charge doping with Hf 
substitution, indicating a transition from semiconductor-to-metal. The Hf atoms induced extra 
charge doping and the spectral weight become broadened at the bottom of the conduction band, 
which crossed the Fermi level. The extra charge doping around the Fermi level can fill the bottom 
the conduction band. The reason behind extra charge doping is due the after the possibly inspect 
of charge transfer from one species to the other [43], while Hf can loss more electrons. Isovalent 
doping is generally caused by a different energy level of the dopant with respect to the native 
element. If the latter is located lower in energy and the level are only partially occupied there could 
be an effective charge transfer, which is actually caused by heavily doped Hf atoms. Therefore, 
the possible extra electron induced charge doping in the system, can induce the semiconductor to 
metal transition through isovalent substitutions. Upon doping it also described the band-gap 
narrowing. Since, we know that XAFS and Raman results shows the shortening of bond length 
after substitution of heavily Hf atoms which is obviously responsible for extra charge doping. 
Moreover, the extra electrons are induced by Hf atom as observed from XPS and XAFS results. 
Besides, the loss of electrons from Hf atoms shows that the bond of Hf atoms become stronger as 
compare to Zr atoms which can make the bond length short. This is the possible way that extra 
charge is doped in the system.  
 The DFT calculations were to confirm the bans structure calculations of both systems, 
which are well matched with our ARPES results, as shown in Fig. 7 (f). Fig. 7 (f), shows the band 
structure of ZrSe2 with Fermi level lies between the valance band maximum (VBM) and 
conduction band with clear band gap revealing a typical semiconducting behaviour. The bottom 
of conduction band of pristine ZrSe2 move down by extra charge carriers with Hf substitution, 
which is shifted to down energy as compare with pristine ZrSe2 at 12.5% Hf as shown in Fig. 7(f) 
using unfold method of band calculations. The CBM and VBM are move to down energy. This 
can deliver extra freedom for manipulating the electronic properties of due to charge transfer. 
Compare with HfSe2 and ZrSe2 calculations the band structure of Zr1-xHfxSe2 lies between ZrSe2 
and HfSe2 (supplementary Fig S4) with a reduced band gap. To clarify the charge doping issue, in 
Fig. 7 (g) we show the calculated charge-density in our sample within the plane holding the 
substitutional Hf atom. The charge density distribution intensity map suggests that the charge-
density distribution in terms of charge transfer is from the dense charge regions in the sample. Our 
charge density calculation proposes the maximum charge transfer accumulation around Hf, while 
lesser extent distribution from Zr atoms, along the substantial direction to Se atoms as Hf-Se-Zr-
Se-Hf directions. Fig. 7(h), shows the Brillouin zone (BZ) which are considered for high symmetry 
points, while Fig. 7(i) indicates the extra electron pocket around the BZ boundary at M point due 
to extra charge doping. Similarly, Fig. 7(j) reveals the CB around M point, as extracted from Fig. 
7(e) encircled by yellow marked lines. The conduction band minimum (CBM) of Zr1-xHfxSe2 is 
located at -0.08 eV below the Fermi level, whereas the VBM is located at -1.03 eV, that is an 
indication of an indirect band gap of 0.95 eV, which is consistent with the calculated value of 0.87 
eV. The results also reveal a decrease in band gap through Hf substitution, compared to the 
previous work about pristine which shows the band gap is about 1.10 eV [44]. 
 
3. Conclusion 
In conclusion, we have controllably synthesized Hf substituted ZrSe2 single crystal using CVT 
method. Its microstructure and electronic structure were further investigated in compression with 
pristine ZrSe2 through ARPES combined with first-principles DFT calculations. The bulk structure 
and microstructure were characterized by different X-ray techniques and scanning transmission 
electron microscopy. ARPES and DFT calculations revealed that ZrSe2 is semiconductor in nature 
while Zr1-xHfxSe2 shows metallic behaviour. Interestingly, it has been observed that a substitution 
of significant amount of Hf in ZrSe2 leads to a transition from semiconductor-to-metal. Moreover, 
from the ARPES results we have observed that overall system is remains preserved, except the 
emergence of conduction band due to extra charge doping in Zr1-xHfxSe2 in comparison with and 
DFT calculations. Similarly, the electrical resistance as a function of temperature can further 
confirm the semiconductor-to-metal transition of ZrSe2 with Hf substitution. This effective method 
highlights the importance of atomic substitution-induced in 2D layered materials, which may 
enable these materials for future electronics and valleytronic applications. 
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